Plasmonics takes advantage of the properties of surface plasmon polaritons, which are localized or propagating quasiparticles in which photons are coupled to the quasi-free electrons in metals. In particular, plasmonic devices can confine light in regions with dimensions that are smaller than the wavelength of the photons in free space, and this makes it possible to match the different length scales associated with photonics and electronics in a single nanoscale device 1 . Broad applications of plasmonics that have been demonstrated to date include biological sensing 2 , sub-diffraction-limit imaging, focusing and lithography 3-5 and nano-optical circuitry [6] [7] [8] [9] [10] 
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. Broad applications of plasmonics that have been demonstrated to date include biological sensing 2 , sub-diffraction-limit imaging, focusing and lithography [3] [4] [5] and nano-optical circuitry [6] [7] [8] [9] [10] . Plasmonics-based optical elements such as waveguides, lenses, beamsplitters and reflectors have been implemented by structuring metal surfaces 7, 8, 11, 12 or placing dielectric structures on metals 6, [13] [14] [15] to manipulate the two-dimensional surface plasmon waves. However, the abrupt discontinuities in the material properties or geometries of these elements lead to increased scattering of surface plasmon polaritons, which significantly reduces the efficiency of these components. Transformation optics provides an alternative approach to controlling the propagation of light by spatially varying the optical properties of a material 16, 17 . Here, motivated by this approach, we use grey-scale lithography to adiabatically tailor the topology of a dielectric layer adjacent to a metal surface to demonstrate a plasmonic Luneburg lens that can focus surface plasmon polaritons. We also make a plasmonic Eaton lens that can bend surface plasmon polaritons. Because the optical properties are changed gradually rather than abruptly in these lenses, losses due to scattering can be significantly reduced in comparison with previously reported plasmonic elements.
Transformation optics is a general approach to optical design in which the required optical path and functionality are achieved by spatially varying the optical properties of materials, which is in contrast to the traditional methods of shaping the surface curvature of objects (such as lenses) to refract light. Early transformation optics devices, such as the electromagnetic cloak 18 , generally required spatial variation of anisotropic materials and extreme values for both permittivity and permeability. Although such demanding material properties can be implemented with metamaterials, the narrow bandwidth and high losses normally associated with metamaterials limits the functionalities of the devices. Great efforts have therefore been made in realizing new transformation optics devices based on non-resonant and isotropic materials with spatially varying properties. Examples include the carpet cloak 19, 20 , the photonic black hole 21 , the optical 'Janus' device 22 and the flattened Luneburg lens 23 . The development of such devices and elements is essentially based on gradient index (GRIN) optics. Compared with classical lenses, GRIN lenses have an advantage in that they can be flat and free of geometrical aberrations. In fact, based on variable refractive index structures, more sophisticated elements like the Maxwell fish-eye lens, the Luneburg lens and the Eaton lens were proposed more than half a century ago 24, 25 , but have not been demonstrated in three-dimensional optics to date.
Recently, it has been proposed that transformation optics can be applied to plasmonic systems, aiming to manipulate the propagation of surface plasmon polaritons (SPPs) in a prescribed manner [26] [27] [28] [29] . If we rigorously follow the transformation optics approach, both the metal and the dielectric have to undergo a coordinate transformation to modify the propagation of SPPs. However, as most SPP energy resides in the dielectric medium would be frequencies away from the surface plasmon frequency, it was proposed that transforming only the dielectric medium would be sufficient to mould the propagation of SPPs 26, 27 . Furthermore, the transformed dielectric materials can be isotropic and non-magnetic if a prudent transformation scheme is applied. Instead of directly modifying the permittivity of the dielectric medium, we have proposed slowly changing the thickness of an isotropic dielectric cladding layer, and hence the local effective index of SPPs 27 . In such a way, the propagation of SPPs can be controlled without directly modifying the metal surface or adding discrete scattering structures on the metal. Because the local effective index of SPPs is varied gradually in a truly continuous manner, we term our approach GRIN plasmonics, in analogy to the well-known GRIN optics.
Here we demonstrate a plasmonic Luneburg lens and a plasmonic Eaton lens as a proof of principle of GRIN plasmonics. Both lenses require a gradual change of the mode index, which in general is difficult to obtain in traditional optical elements. The plasmonic Luneburg lens (Fig. 1a ) is similar to a traditional Luneburg lens 24 in that it focuses SPPs to a point on the perimeter of the lens. The concept of the Luneburg lens was later generalized by Eaton 25 for spherical lenses. As shown later, such lenses can lead to beam deflection 30 . Both structures for the propagation of SPPs by spatially varying the height of a thin dielectric (1 ¼ 2.19) poly(methyl methacrylate) (PMMA) film on top of a gold surface.
The index distribution of a traditional Luneburg lens satisfies the expression
where R is the radius of the lens and r the distance to the centre. To implement a plasmonic version of the Luneburg lens, the effective mode index of the SPPs should vary spatially according to equation (1) . For a lens diameter of 13 mm this leads to the mode index profile shown in Fig. 1b . Changing the height of a dielectric cladding layer is a simple way to modify the effective index of the SPPs 27 . At a wavelength of 810 nm, the effective mode index of SPPs on a gold film can be changed from 1.02 to 1.54 as the height of the PMMA increases from zero to 500 nm (see Fig. 1c and Methods). Once the relationship between the SPP effective index and the PMMA height is known, the height profile for the Luneburg lens can be readily interpolated to satisfy equation (1) .
Based on the local height profile of the PMMA structure measured by atomic force microscopy (AFM), we performed an additional three-dimensional full wave simulation (COMSOL Multiphysics) to verify the theoretical performance of the Luneburg lens. The result is shown in Fig. 1d , where SPPs launched from the lefthand side can indeed be focused to a point on the perimeter of the dielectric cone base. In addition, the gradual change of the mode index (impedance matching) reduces the scattering loss of SPPs and the reflections from element boundaries inherent to discrete structured elements by at least one order of magnitude.
Grey-scale electron beam lithography (EBL) was used to spatially vary the PMMA height profile. In this manner, the electron dose is continually varied across the sample to modulate the height of the PMMA layer and thus the mode index of SPPs. Fluorescence imaging 31 and leakage radiation microscopy 32 were applied to characterize the performance of the lenses (see Methods).
The investigation began with fluorescence imaging of SPP propagation in the Luneburg lens. SPPs at 810 nm were launched with a grating coupler at a distance of 10 mm from the lens structure. Simultaneously, the fluorescence of the incorporated dye molecules in the PMMA excited by the SPPs was imaged on a camera to visualize SPP propagation. Figure 2 shows fluorescence images that were obtained for SPPs passing the Luneburg lens at different positions. To demonstrate that the propagation of the SPPs was modified as required after passing the lens structure, the PMMA behind the lens (along the SPP propagation direction) was not removed, allowing us to observe the light path of the SPPs after the focal point with the fluorescence emission. As the SPPs enter the area of the Luneburg lens (dashed circle) they are focused to a point on the perimeter of the lens on the opposite side. Even if the position of the incident SPPs is changed laterally, the SPPs are still focused to the same spot (Fig. 2) . Because the dyes are excited by the evanescent field of the SPPs penetrating the PMMA, the local fluorescence intensity depends not only on the strength of the SPPs but also on the thickness of the PMMA at that location. We therefore calculated the corresponding fluorescence emission by integrating the field strength of the evanescent field over the thickness of the structures to compare ideal SPP propagation with the measured fluorescence images (lower panels in Fig. 2) . Agreement between the experimental results and numerical calculations for the ideal structure is very good. The slight shadows in the measured fluorescence images are probably due to non-uniformity in the dye concentration and surface defects in the PMMA layer.
Because visualization of the entire SPP beam path along the surface was not accessible using this technique, we used leakage radiation microscopy to image SPP propagation on the metal-air interface. For this investigation, a second set of samples was fabricated on a 50 nm gold film on top of a 150 mm glass substrate. Owing to the reduced thickness of the metal film, SPPs from the top interface can couple through the film and generate a coherent leakage radiation into the higher index substrate 32 . For these samples, no dyes were incorporated into the PMMA. Despite the difference in thickness of the gold film, no appreciable difference in the SPP propagation constant was found between the two configurations. However, imaging the leakage radiation from the back side of the substrate provided a direct quantitative analysis of the SPP propagation on the top metal surface.
Typical leakage radiation images recorded for SPPs at different wavelengths propagating through a Luneburg lens are shown in Fig. 3a -c, each exhibiting a characteristic fringe pattern arising from the interference of the directly transmitted light and the leakage radiation of the SPPs. Because of the laser light coherence, such interference fringes can give some information about the phase evolution of the SPPs while propagating along the surface. The phase front appears flat when launched at the grating and starts curving inside the lens, leading to focusing at a point on the perimeter, consistent with the full-wave simulation shown in Fig. 1d . The mode index of the SPPs at the centre of the Luneburg lens approaches the light cone for propagating waves at the glass substrate side (n ¼ 1.5). This leads to a decrease of the leakage radiation that can be collected by the numerical aperture of the microscope objective. The imaged intensity inside the Luneburg lens is therefore reduced, but still visible. Figure 3d shows the corresponding height profile of the PMMA through the centre of the lens. Clearly visible are the three gold ridges for launching the SPPs at z ¼ 0 mm and the linear height change of the Luneburg lens.
Although the Luneburg lens was designed for a particular wavelength of 800 nm, the dispersion of the PMMA around this wavelength is reasonably small. Therefore, the dispersion of SPPs due to the different penetration into the dielectric medium is not affected by the PMMA. All three wavelengths in Fig. 3a-c show clear focusing, although for longer wavelengths the focus is shifted slightly behind the lens. Such behaviour for longer wavelengths is mainly due to the larger penetration depth of the SPP field into the dielectric material. As a result, the overall effective mode index is smaller than that required for an ideal Luneburg lens (see equation (1)), so the effective focal length is slightly longer. Nevertheless, the Luneburg lens shows good performance within the measured 70 nm bandwidth.
To demonstrate the versatility of our method to create low-loss manipulation of SPPs solely by gradually tailoring the dielectric cladding layer, a plasmonic Eaton lens was designed and experimentally demonstrated. The index distribution of a perfect Eaton lens that bends light through 908 satisfies
Unlike the Luneburg lens, the refractive index quickly diverges towards the centre of the Eaton lens. As the coating with PMMA can provide only a limited mode index range for SPPs from 1.02 up to 1.54, we were not able to realize the central part of the Eaton lens. For practical purposes, we therefore truncate the index profile at a maximum of 1.54, as shown in Fig. 4a . A numerical simulation of SPP propagation for the truncated Eaton lens is shown in Fig. 4b . The excited SPPs are propagating in the positive z-direction and bend to the right side while passing through the lens. Eventually, SPPs leave the structure in the positive x-direction. Owing to the inherent propagation loss of SPPs, the field magnitude decreases during propagation. Truncation of the index in the centre part of the lens leads to a small deviation from the perfect 908 bend. To extract the influence of the changing field magnitude we again calculate the corresponding fluorescence intensity by taking the local thickness of the PMMA into account (Fig. 4c) .
A scanning electron microscopy image of the structure is shown in Fig. 5a , together with the corresponding cross-section of the height profile (Fig. 5b) . Although the profile is more complex than that of the Luneburg lens, the overall agreement is reasonably good; only the steepest part of the profile shows a small discrepancy from the theoretical model, probably due to proximity effects during exposure. The SPP-induced fluorescence emission intensity from the structure is shown in Fig. 5c , where the SPPs are propagating from the bottom in the positive z-direction and bend inside the Eaton lens to the right side. Figure 5d shows the simulated fluorescence intensity for the actual PMMA profile of the lens measured by AFM. Both images show similar features as the simulation carried out for the ideal profile (Fig. 4c) .
In summary, we have experimentally demonstrated the feasibility of tailoring the propagation of SPPs by solely modifying a dielectric material on top of a metal. Because the topology of the dielectric structure is slowly varied, this technique is analogous to the wellknown gradient index optics. Owing to the penetration depth of the evanescent SPP field into the dielectric material, the propagation constant can be spatially and gradually modified with different thicknesses of a dielectric index material. We have demonstrated our approach for a plasmonic Luneburg lens and an Eaton lens, neither of which have been demonstrated at optical frequencies to date. Our approach has the potential to achieve low-loss functional plasmonic elements with a standard fabrication technology based on grey-scale EBL and is fully compatible with active plasmonics. The loss could be reduced even further by incorporating various gain materials into the dielectric material 34 , leading to the increased propagation distance required for all-optical devices or even plasmonic interconnects. Furthermore, this method provides a scheme with which to realize more complex two-dimensional plasmonic elements using transformation optics.
Methods
The grey-scale EBL process began by determining the relationship between PMMA resist height and dose value. To enable precise control over the resist height, lowcontrast 50k PMMA was used, allowing a more linear resist response with respect to dose. The correlation between height and dose was then used to determine the spatially varying dose profile for the designed height/index profile. Devices for fluorescence emission imaging were fabricated by incorporating infrared dye (IR-140, Sigma Aldrich) into the PMMA at a loading concentration of 2 mg dye to 1 ml PMMA. The dye/PMMA solution was spun and baked onto a 200-nm-thick gold film on top of a glass substrate, resulting in a thickness of 500 nm. Grey-scale EBL exposure was then performed to realize the designed height profile for the Luneburg and Eaton lenses.
For our design and simulations, we used as the dielectric cladding layer PMMA with 1 2 ¼ 2.19 on top of a gold film, for which the dielectric constants are given by the Drude model 1 m (v) = 10 − ((1.4 × 10 16 ) 2 /v(v + 1.1 × 10 14 i)). Considering an air/dielectric/metal structure with permittivities 1 1 /1 2 /1 m , the dispersion relation of SPPs is implicitly given by
Here, d is the thickness of the dielectric layer, b represents the SPP wave vector along the propagating direction, v is angular frequency, and c denotes the speed of light in vacuum. The effective mode index of SPPs, defined as n eff ¼ b/k 0 , can be obtained by numerically solving the above two equations for different heights of the dielectric layer. Once the relationship between the SPP effective index and the PMMA height is known, the PMMA profile for the plasmonic Luneburg and Eaton lenses can be readily achieved to satisfy equations (1) and (2), respectively.
For the fluorescence imaging measurements, SPPs were launched by a set of gratings fabricated by focused ion beam milling, at a distance of 10 mm from the lens structure. Light from a Ti:sapphire laser at a wavelength of 810 nm was moderately focused on the grating from the backside of the sample to a spot size of 6 mm. The fluorescence emission from the IR140 dye molecules was collected with a ×100/0.95 microscope objective and imaged on a charge-coupled device camera.
For the leakage radiation microscopy experiment, SPPs were launched by three gold ridges with a period of 805 nm and a line width of 400 nm fabricated by EBL and subsequent deposition of 50 nm gold 33 . SPPs were launched by focusing the laser light with a microscope objective (×10/0.1) on these gold ridges. The leakage radiation of the SPPs into the substrate was collected by an oil immersion objective (×100/1.3) and imaged on a charge-coupled device camera. 
